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A simplified approach to spacecraft charging modeling… 
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Let us assume a spherical satellite…. 
Let us assume a planar cow…. 
Let us as ume an instrumented, biased,  
I-V mea uring planar cow…. 
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Sequence of Models  
Instantaneous injection, no emission, no dissipation 
z  
  
  
F down  
J net  
Upper Conducting Surface  
  
  
  
Lower Conducting Surface   
0  
J down  
  
D  
  
V bias  
  
  
  
  
     
V s  
J in j   
  
Surface voltage as a function of time,  
       
      𝑽𝑽𝒔𝒔(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝛅𝛅(𝐭𝐭)𝜺𝜺𝒐𝒐𝜺𝜺𝒓𝒓 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 ��         
Rear electrode current as a function of time,  
       
      𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝛅𝛅(𝐭𝐭)     
   
A displacement current  
𝛁𝛁�⃗ × 𝑯𝑯���⃗ = 𝑱𝑱𝒄𝒄 + 𝝏𝝏𝝏𝝏𝒕𝒕 (𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑭𝑭) 0 
The assumptions leading to the simplest model are: 
1. A parallel plate geometry leads to a 1D model of electric transport.  
2. The injected charge carriers are electrons from a bias electrode. 
3. Injection occurs instantaneously at surface. 
Finite injection, no dissipation 
The assumptions leading to the simplest model are: 
1. A parallel plate geometry leads to a 1D model of electric transport.  
2. The injected charge carriers are electrons from a bias electrode. 
3. Injection occurs instantaneously at surface for finite time and space. 
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Surface voltage as a function of time,  
       
      𝑽𝑽𝒔𝒔(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝜺𝜺𝒐𝒐𝜺𝜺𝒓𝒓 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� 𝐱𝐱 ? ? ?         
Rear electrode current as a function of time,  
       
      𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝐱𝐱 ? ? ?     
   
A displacement current  
𝛁𝛁�⃗ × 𝑯𝑯���⃗ = 𝑱𝑱𝒄𝒄 + 𝝏𝝏𝝏𝝏𝒕𝒕 (𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑭𝑭) 0 
F up 
Embedded  Charge  Layer R V d 
Rosetta Stone for Charge Injection!!! 
Walden & Wintle considers general electrode 
injection current density as a function of 
applied electric field: 
 
𝑱𝑱𝒊𝒊𝒅𝒅𝒊𝒊(𝑭𝑭) = �  𝓘𝓘𝟎𝟎(𝑭𝑭) ∙ 𝒆𝒆𝒇𝒇(𝑭𝑭)  ;  𝐞𝐞𝐱𝐱𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐭𝐭𝐞𝐞𝐞𝐞𝐞𝐞 𝐟𝐟𝐞𝐞𝐟𝐟𝐟𝐟𝓘𝓘𝟎𝟎��� ∙ (𝑭𝑭/𝑭𝑭𝒐𝒐)𝒑𝒑  ;   𝐞𝐞𝐞𝐞𝐩𝐩𝐞𝐞𝐟𝐟 𝐞𝐞𝐞𝐞𝐩𝐩 𝐟𝐟𝐞𝐞𝐟𝐟𝐟𝐟    
  
ℐo(F) and f(F) are arbitrary functions that vary 
slowly with F compared exp[f(F)].   
Injection Barrier Type Injection Current,   
Jinj(F) 
Time Constant, τo 
Poole-Frenkel  
(Schottky/thermionic emission) 𝐴𝐴 𝐹𝐹𝑠𝑠𝑒𝑒(𝐹𝐹𝑠𝑠+𝐹𝐹𝑐𝑐)1/2  � 𝑛𝑛𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟𝐷𝐷 𝐽𝐽0(𝐷𝐷 − 𝑅𝑅)�  2 �𝑉𝑉𝐵𝐵𝐷𝐷 �1/2 𝐹𝐹𝑐𝑐1/2 
Fowler-Nordhiem  
(Tunneling-type field emission) 𝐵𝐵 𝐹𝐹𝑠𝑠2𝑒𝑒−(𝐹𝐹𝑐𝑐/𝐹𝐹𝑠𝑠) � 𝑛𝑛𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟𝐷𝐷 𝐽𝐽0(𝐷𝐷 − 𝑅𝑅)�  �𝑉𝑉𝐵𝐵𝐷𝐷 �2 𝐹𝐹𝑐𝑐−1 
Simple exponential 𝐶𝐶 𝑒𝑒(𝐹𝐹𝑠𝑠/𝐹𝐹𝑐𝑐) � 𝑛𝑛𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟𝐷𝐷 𝐽𝐽0(𝐷𝐷 − 𝑅𝑅)�  𝐹𝐹𝑐𝑐  
Constant  
(Exponential with Fc→∞) 𝐶𝐶 τo→∞ 
Power law p>>1 𝐽𝐽0(𝐹𝐹𝑠𝑠/𝐹𝐹0)𝑝𝑝  � 𝑛𝑛𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟𝐷𝐷 𝐽𝐽0(𝐷𝐷−𝑅𝑅)�   1𝑝𝑝 �𝑉𝑉𝐵𝐵𝐷𝐷 �        
 
They assume       𝐩𝐩𝐞𝐞𝐭𝐭𝐰𝐰  𝟎𝟎 ≤ 𝒎𝒎 ≡ 𝟏𝟏
𝒅𝒅
≤ 𝟏𝟏 
�
𝒅𝒅𝒅𝒅𝒕𝒕
𝒅𝒅𝒅𝒅
� = �𝑱𝑱𝒊𝒊𝒅𝒅𝒊𝒊𝒄𝒄
𝑱𝑱𝒐𝒐�
�
(𝟏𝟏 𝒎𝒎⁄ )−𝟏𝟏   𝐞𝐞𝐟𝐟    𝑱𝑱𝒊𝒊𝒅𝒅𝒊𝒊𝒄𝒄 (𝒕𝒕) = 𝑱𝑱𝒐𝒐� [𝒅𝒅𝒅𝒅𝒕𝒕 𝒅𝒅𝒅𝒅⁄ ] 𝟏𝟏𝒅𝒅−𝟏𝟏 = 𝑱𝑱𝒐𝒐� [𝒅𝒅𝒅𝒅𝒕𝒕 𝒅𝒅𝒅𝒅⁄ ] 𝒎𝒎𝟏𝟏−𝒎𝒎;    
Total current density with displacement current density: 
𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅𝒄𝒄 (𝒕𝒕) + 𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅𝒅𝒅𝒊𝒊𝒔𝒔𝒑𝒑𝒅𝒅𝒅𝒅𝒄𝒄𝒆𝒆𝒎𝒎𝒆𝒆𝒅𝒅𝒕𝒕 = 𝑱𝑱𝒐𝒐� ��𝟏𝟏 + 𝒕𝒕 𝝉𝝉𝑸𝑸� �−𝒎𝒎 − �𝑫𝑫−½𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 � ∙ �𝟏𝟏 + 𝒕𝒕 𝝉𝝉𝑸𝑸� �−𝟏𝟏�   
 
𝝉𝝉𝑸𝑸 = 𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑫𝑫 𝒎𝒎𝑱𝑱𝒐𝒐�  [𝑫𝑫−½𝑹𝑹(𝑬𝑬𝒃𝒃)] �𝝏𝝏𝒇𝒇(𝑭𝑭)𝝏𝝏𝑭𝑭 �−𝟏𝟏 |𝑭𝑭=𝑭𝑭(𝒕𝒕=𝟎𝟎) = 𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑫𝑫 (𝒕𝒕−𝝉𝝉𝑸𝑸)𝑱𝑱𝒐𝒐�  [𝑫𝑫−½𝑹𝑹(𝑬𝑬𝒃𝒃)] �𝝏𝝏𝑭𝑭𝝏𝝏𝒕𝒕�  
𝝉𝝉𝑸𝑸 is characteristic onset time for the injection current density, not to be confused 
with a decay time. 
Electron Beam Injection and Emission , no dissipation 
Surface voltage as a function of time,  
       
      𝑽𝑽𝒔𝒔(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝜺𝜺𝒐𝒐𝜺𝜺𝒓𝒓 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� 𝐱𝐱 ? ? ?         
Rear electrode current as a function of time,  
       
      𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝐱𝐱 ? ? ?     
   
A displacement current  
𝛁𝛁�⃗ × 𝑯𝑯���⃗ = 𝑱𝑱𝒄𝒄 + 𝝏𝝏𝝏𝝏𝒕𝒕 (𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑭𝑭) 0 
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The assumptions leading to the simplest model for this are: 
1. A parallel plate geometry leads to a 1D model of electric transport.  
2. The incident (or injected) charge carriers are electron. 
3. The magnitude of the injected current density is approximated as 
the time-averaged incident beam current 
density,               Jo��� ≡ ∫ 𝑱𝑱𝐞𝐞𝐞𝐞𝐢𝐢(t)dttdep0
∫ dt
tdep
0
≈Jo �
𝒕𝒕𝒐𝒐𝒅𝒅
𝒕𝒕𝒐𝒐𝒅𝒅+𝒕𝒕𝒐𝒐𝒇𝒇𝒇𝒇�     
4. All charge is initially deposited at single penetration depth, R           
𝚺𝚺(𝐳𝐳, 𝐭𝐭) = ∫ 𝐉𝐉𝐞𝐞𝐞𝐞𝐢𝐢(𝐭𝐭′) 𝐝𝐝𝐭𝐭′𝒕𝒕𝟎𝟎   𝜹𝜹[𝐳𝐳 − 𝐑𝐑]  
5. Charge deposited in the region 0<x<R quickly redistributes to a 
uniform volume charge distribution  
   ∫
𝐽𝐽𝑖𝑖𝑛𝑛𝑖𝑖 (t′)
𝑞𝑞𝑒𝑒R(Eb−qe Vs (t′ ))  Θ[z − R(Eb − qeVs(t′))] dt′𝑡𝑡0  
6. There is no electron emission; that is, the total electron yield Y=0.   
7. There is no charge dissipation. The dielectric acts as a perfect 
charge integrator.   
Assumptions for finite injection, no dissipation 
5/2/2012 11 
Electron Beam Injection 
What is different about e 
beam deposition? 
 
•  Electron emmision modifies 
current and voltage 
•  Extra current term for emitted 
charged particles 
•  Energy  dependant emission 
•  Reattraction of secondary 
electrons to positive surface 
•  Different injection barrier in 
RIC region 
•  RIC 
 
 
F 
Interface 
J(t) 
Bulk 
5/2/2012 12 
Electron Beam Injection and Electron Yield 
A simple model for surface voltage (or time) dependence 
of the yield for negative charging for Eb>E2, based on a 
charging capacitor was proposed by Thomson:  
 [𝟏𝟏 − 𝒀𝒀(𝒕𝒕;𝑬𝑬𝒃𝒃 + 𝒒𝒒𝒆𝒆𝑽𝑽𝒔𝒔)] = [𝟏𝟏 − 𝒀𝒀(𝑬𝑬𝒃𝒃 + 𝒒𝒒𝒆𝒆𝑽𝑽𝒔𝒔)]𝒆𝒆−(𝑸𝑸(𝒕𝒕)/𝝉𝝉𝑸𝑸)  
  for 0≥qeVs(t)≥(E2-Eb)          
 
τQ is a decay constant for the exponential approach of the 
yield to unity, as charge Q(t) is accumulated with elapsed 
time and E2 is the crossover energy.  
 
 Expression that describes the re-attraction of SE’s to the 
surface of a positively charged sample: 
 
 ( ) ( ) ( )[ ] 1;50;6; +−= χχσ eVhseVhoE
k
sVoE , 
 
where 
 
 
( )
( )3
3;
χα
χαχα
+
+
≡h
, 
 
k is a material dependant proportionality constant, χ is 
the insulator electron affinity, and α is an arbitrary 
energy at which h is evaluated.  
Charge dependant electron yields are the key: 
Electron Beam Injection and Emission , no dissipation 
Surface voltage as a function of time,  
𝑽𝑽𝒔𝒔(𝒕𝒕) = 𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅𝒅𝒅 (𝒕𝒕) � 𝒕𝒕𝝉𝝉𝒐𝒐�                                                                                                  (𝐞𝐞𝐞𝐞 𝐝𝐝𝐞𝐞𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐞𝐞𝐭𝐭𝐞𝐞𝐞𝐞𝐞𝐞)      (𝟒𝟒.𝟏𝟏𝟏𝟏)
𝐩𝐩𝐞𝐞𝐭𝐭𝐰𝐰
𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅𝒅𝒅 (𝒕𝒕) =  
⎩
⎪
⎪
⎨
⎪
⎪
⎧𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆 = 𝑱𝑱𝒐𝒐�𝝈𝝈𝒐𝒐 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� (𝐞𝐞𝐞𝐞 𝐞𝐞𝐟𝐟𝐞𝐞𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐞𝐞)
𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒔𝒔𝒆𝒆 = 𝑱𝑱𝒐𝒐�𝝈𝝈𝒐𝒐 [𝟏𝟏 − 𝒀𝒀(𝑬𝑬𝒃𝒃)] �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� (𝐝𝐝𝐭𝐭𝐞𝐞𝐭𝐭𝐞𝐞𝐬𝐬 𝐞𝐞𝐟𝐟𝐞𝐞𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐞𝐞) 
𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒅𝒅𝒆𝒆 (𝒕𝒕) = 𝑱𝑱𝒐𝒐�𝝈𝝈𝒐𝒐 [𝟏𝟏 − 𝒀𝒀(𝑬𝑬𝒃𝒃)] �𝛕𝛕𝐐𝐐𝐭𝐭 � �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� �𝟏𝟏 − 𝐞𝐞−(𝐭𝐭 𝛕𝛕𝐐𝐐⁄ )� �𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐟𝐟𝐞𝐞𝐬𝐬 𝐞𝐞𝐟𝐟𝐞𝐞𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐞𝐞𝟎𝟎 ≥ 𝒒𝒒𝒆𝒆𝑽𝑽𝒔𝒔(𝒕𝒕) ≥ (𝑬𝑬𝟐𝟐 − 𝑬𝑬𝒃𝒃)�
𝑽𝑽 𝒊𝒊𝒅𝒅𝒊𝒊𝒈𝒈𝒆𝒆 (𝒕𝒕) = 𝑱𝑱𝒐𝒐�𝝈𝝈𝒐𝒐 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� ��𝟏𝟏𝐭𝐭� ∫ {𝟏𝟏 − 𝐘𝐘[𝐄𝐄𝐛𝐛 − 𝐪𝐪𝐞𝐞𝐕𝐕𝐝𝐝(𝐭𝐭′)]}𝐝𝐝𝐭𝐭′𝒕𝒕𝟎𝟎 � (𝐠𝐠𝐞𝐞𝐞𝐞𝐞𝐞𝐟𝐟𝐞𝐞𝐞𝐞 𝐞𝐞𝐟𝐟𝐞𝐞𝐝𝐝𝐝𝐝𝐞𝐞𝐞𝐞𝐞𝐞)
 
     
       
        
Total current density with displacement current density: 
𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅𝒄𝒄 (𝒕𝒕) + 𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅𝒅𝒅𝒊𝒊𝒔𝒔𝒑𝒑𝒅𝒅𝒅𝒅𝒄𝒄𝒆𝒆𝒎𝒎𝒆𝒆𝒅𝒅𝒕𝒕 = 𝑱𝑱𝒐𝒐� ��𝟏𝟏 + 𝒕𝒕 𝝉𝝉𝑸𝑸� �−𝒎𝒎 − �𝑫𝑫−½𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 � ∙ �𝟏𝟏 + 𝒕𝒕 𝝉𝝉𝑸𝑸� �−𝟏𝟏�   
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Electron Beam Injection and Emission , with dissipation 
Surface voltage as a function of time,  
       
      𝑽𝑽𝒔𝒔(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝜺𝜺𝒐𝒐𝜺𝜺𝒓𝒓 �𝑫𝑫 �𝟏𝟏 − 𝑹𝑹(𝑬𝑬𝒃𝒃)𝑫𝑫 �� 𝐱𝐱 ? ? ?         
Rear electrode current as a function of time,  
       
      𝑱𝑱𝒅𝒅𝒐𝒐𝒅𝒅𝒅𝒅(𝒕𝒕) = 𝑱𝑱𝒐𝒐�  𝐱𝐱 ? ? ?     
   
A displacement current  
𝛁𝛁�⃗ × 𝑯𝑯���⃗ = 𝑱𝑱𝒄𝒄 + 𝝏𝝏𝝏𝝏𝒕𝒕 (𝝐𝝐𝒐𝒐𝝐𝝐𝒓𝒓𝑭𝑭) 0 
 Electric field 
(b) Double charge layer 
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𝛴𝛴𝛴𝛴2𝜀𝜀0𝜀𝜀𝑟𝑟  
E=
𝛴𝛴2𝜀𝜀0𝜀𝜀𝑟𝑟  
-E 
Charge Density 
Component of 
Electric Field 
Potential 
(a) Single charge 
layer 
𝑭𝑭�⃗(𝒛𝒛, 𝑡𝑡) =
⎩
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎧
0 ;  𝑧𝑧 ≤ 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡
𝑭𝑭�⃗𝑒𝑒𝑒𝑒𝑡𝑡 (𝒛𝒛, 𝑡𝑡) = �− 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � 𝒛𝒛� ; 0 < 𝑧𝑧 < 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡
𝑭𝑭�⃗𝑢𝑢𝑝𝑝 (𝒛𝒛, 𝑡𝑡) = �−𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡)𝐷𝐷 − 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 − 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � 𝒛𝒛� ;  0 ≤ 𝑧𝑧 < 𝑧𝑧𝑑𝑑(𝑡𝑡)
𝑭𝑭�⃗𝑑𝑑𝑜𝑜𝑑𝑑𝑛𝑛 (𝒛𝒛, 𝑡𝑡) = �−𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡)𝐷𝐷 + 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 � 𝒛𝒛� ;  𝑧𝑧𝑑𝑑(𝑡𝑡) ≤ 𝑧𝑧 ≤ 𝐷𝐷0 ;  𝑧𝑧 > 𝐷𝐷
  
𝑉𝑉(𝒛𝒛, 𝑡𝑡) =
⎩
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎧
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) + 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 ;  𝑧𝑧 ≤ 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) + 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 − �𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 + 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 � � (𝑧𝑧 − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 )𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � ; 0 < 𝑧𝑧 < 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡
𝑉𝑉𝑠𝑠(𝑡𝑡) = 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) + 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 � 𝐷𝐷𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � + 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 � 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � ;  𝑧𝑧 = 0
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) �(𝐷𝐷 − 𝑧𝑧)𝐷𝐷 � + 𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 − �𝑉𝑉𝑒𝑒𝑒𝑒𝑡𝑡 + 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 � � (𝑧𝑧 − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 )𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧𝑒𝑒𝑒𝑒𝑡𝑡 � ;  0 ≤ 𝑧𝑧 < 𝑧𝑧𝑑𝑑(𝑡𝑡)
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) �𝐷𝐷 − 𝑧𝑧𝑑𝑑(𝑡𝑡)𝐷𝐷 � − 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 [𝐷𝐷 − 𝑧𝑧𝑑𝑑(𝑡𝑡)] ;  𝑧𝑧 = 𝑧𝑧𝑑𝑑(𝑡𝑡)
𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑠𝑠 (𝑡𝑡) �(𝐷𝐷 − 𝑧𝑧)𝐷𝐷 � − 𝛴𝛴𝑑𝑑(𝑡𝑡)𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟 [𝐷𝐷 − 𝑧𝑧] ;  𝑧𝑧𝑑𝑑(𝑡𝑡) ≤ 𝑧𝑧 ≤ 𝐷𝐷0 ;  𝑧𝑧 > 𝐷𝐷
  
 σ(t)=σDC
⎣
⎢
⎢
⎡ 1 + σAC(ν)
σDC
+
σpol
o
σDC
e
-t
τpol+ σdiffusion
o
σDC
t-1+
σdispersive
o
σDC
t-(1-α)+ σtransit
o
σDC
t-(1+α)+ σRIC
o
σDC
�1 − 𝑒𝑒−𝜏𝜏𝑅𝑅𝑅𝑅𝐶𝐶1 /(𝑡𝑡−𝑡𝑡𝑜𝑜𝑛𝑛 )��1 + �𝑡𝑡 − 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 �/𝜏𝜏𝑅𝑅𝑅𝑅𝐶𝐶2 �−1⎦⎥⎥
⎤
    
 
 
• σDC≡qeneμe dark current or drift conduction—very long time scale equilibrium conductivity. 
• σAC(𝛎𝛎) ≡ ∑ ��𝝐𝝐𝒓𝒓 (𝝂𝝂) − 𝝐𝝐𝒓𝒓𝒐𝒐�𝝐𝝐𝒐𝒐 𝟏𝟏𝟏𝟏+(𝝂𝝂 𝝂𝝂𝒊𝒊⁄ )𝟐𝟐�𝐞𝐞   
frequency-dependant AC conduction—dielectric response to a periodic applied electric field  
• 𝝈𝝈𝒑𝒑𝒐𝒐𝒅𝒅(𝒕𝒕) ≡ �(𝝐𝝐𝒓𝒓∞ − 𝝐𝝐𝒓𝒓𝒐𝒐)𝝐𝝐𝒐𝒐 𝝉𝝉𝒑𝒑𝒐𝒐𝒅𝒅⁄ � · e -tτpol long time exponentially decaying conduction due to polarization  
•  𝝈𝝈𝒅𝒅𝒊𝒊𝒇𝒇𝒇𝒇𝒅𝒅𝒔𝒔𝒊𝒊𝒐𝒐𝒅𝒅(𝒕𝒕) ≡ σdiffusiono · t-1  
diffusion-like conductivity from gradient of space charge spatial distribution.  
• 𝝈𝝈𝒅𝒅𝒊𝒊𝒔𝒔𝒑𝒑𝒆𝒆𝒓𝒓𝒔𝒔𝒊𝒊𝒅𝒅𝒆𝒆(𝒕𝒕) ≡ � 𝝈𝝈𝒅𝒅𝒊𝒊𝒔𝒔𝒑𝒑𝒆𝒆𝒓𝒓𝒔𝒔𝒊𝒊𝒅𝒅𝒆𝒆𝒐𝒐 · 𝒕𝒕−(𝟏𝟏−𝜶𝜶)                 ; (𝐟𝐟𝐞𝐞𝐟𝐟 𝒕𝒕 < 𝝉𝝉𝒕𝒕𝒓𝒓𝒅𝒅𝒅𝒅𝒔𝒔𝒊𝒊𝒕𝒕) 
𝝈𝝈𝒕𝒕𝒓𝒓𝒅𝒅𝒅𝒅𝒔𝒔𝒊𝒊𝒕𝒕(𝒕𝒕) ≡ σtransito · t-(1+α)      ; (𝐟𝐟𝐞𝐞𝐟𝐟 𝒕𝒕 > 𝝉𝝉𝒕𝒕𝒓𝒓𝒅𝒅𝒅𝒅𝒔𝒔𝒊𝒊𝒕𝒕)   broadening of spatial 
distribution of space charge through coupling with energy  distribution of trap states.     
• 𝝈𝝈𝑹𝑹𝑹𝑹𝑹𝑹(𝒕𝒕; ?̇?𝑫, 𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟏𝟏 , 𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟐𝟐 ) ≡ σRICo (?̇?𝐃(𝐭𝐭)) �𝟏𝟏 − 𝒆𝒆−𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟏𝟏 /(𝒕𝒕−𝒕𝒕𝒐𝒐𝒅𝒅)� �𝟏𝟏 + �𝒕𝒕 − 𝒕𝒕𝒐𝒐𝒇𝒇𝒇𝒇�/𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹𝟐𝟐 �−𝟏𝟏  
radiation induced conductivity term resulting from energy deposition within the material.  
 
Refer to (Wintle, 1983), (Dennison et al., 2009), and (Sim, 2012) 
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𝑡𝑡0 = 0 
hv (t=0) 
V 
Scope 
hv (t=0) 
V 
Scope 
√𝑡𝑡 
𝑧𝑧  𝑧𝑧  𝑡𝑡 > 𝑡𝑡0 
𝑡𝑡0 = 0 
𝑡𝑡 > 𝑡𝑡0 
𝐹𝐹  𝐹𝐹  
(a) (b) 
  
𝑡𝑡−𝛼𝛼 
 
           
              
             
𝛴𝛴𝑛𝑛[𝑡𝑡/𝜏𝜏𝑇𝑇𝑟𝑟 ] 
𝛴𝛴𝑛𝑛[𝐽𝐽(𝑡𝑡)]  
(𝑡𝑡/𝜏𝜏𝑡𝑡𝑟𝑟 )−(1−𝛼𝛼)    
(𝑡𝑡/𝜏𝜏𝑡𝑡𝑟𝑟 )−(1+𝛼𝛼)  
𝜏𝜏𝑡𝑡𝑟𝑟  
(a) (b) 
𝑡𝑡/𝜏𝜏𝑇𝑇𝑟𝑟  
𝐽𝐽(𝑡𝑡)  
Current 
 
Current Density 
Reduce Time Reduce Time 
Dark Current Polarization Diffusion 
Pre-Transit 
Post-Transit 
RIC 
Dispersive/Transit 
Conductivity in HDIM  
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(e) Low temperatures  
? Applied field 
𝜀𝜀𝑡𝑡  
𝜀𝜀𝐹𝐹  𝜀𝜀𝐹𝐹
0 
 
 
    
  
  
� 𝛼𝛼𝑡𝑡𝑒𝑒 (𝜀𝜀)𝑁𝑁𝑐𝑐𝑛𝑛𝑡𝑡(𝜀𝜀, 𝑡𝑡)𝑑𝑑𝜀𝜀𝜀𝜀𝑐𝑐
𝜀𝜀𝐹𝐹
𝑜𝑜(𝜀𝜀) 
(c) De-trapping due to thermal excitation 
Applied field 
𝜀𝜀𝐹𝐹  
𝜀𝜀𝐹𝐹
0 
 
(d) Recombination  
Applied field 
𝛼𝛼𝑒𝑒𝑟𝑟 (𝜀𝜀)𝑛𝑛𝑒𝑒(𝑡𝑡)[𝑛𝑛𝑒𝑒(𝑡𝑡) + 𝑛𝑛𝑡𝑡(𝜀𝜀, 𝑡𝑡)] 
𝜀𝜀𝐹𝐹  
𝜀𝜀𝐹𝐹
0 
 
(a) Excitation by thermal or external sources 
𝜀𝜀𝐹𝐹  
𝜀𝜀𝐹𝐹
0 
𝑁𝑁𝑒𝑒𝑒𝑒  = ?̇?𝐷𝜌𝜌/𝜖𝜖0𝜖𝜖𝑟𝑟  Applied field 
 
(b) Trapping 
𝛼𝛼𝑒𝑒𝑡𝑡 (𝜀𝜀)𝑛𝑛𝑒𝑒(𝑡𝑡)[𝑁𝑁𝑡𝑡(𝜀𝜀) − 𝑛𝑛𝑡𝑡(𝜀𝜀, 𝑡𝑡)] 
𝜀𝜀𝐹𝐹  
𝜀𝜀𝐹𝐹
0 
Applied field 
 
    
 
  
 
  
𝛼𝛼𝑡𝑡ℎ(𝜀𝜀)𝑛𝑛𝑡𝑡(𝜀𝜀𝑡𝑡 , 𝑡𝑡)𝑛𝑛ℎ(𝑡𝑡)𝑃𝑃𝑡𝑡𝑟𝑟 (𝜀𝜀) 
𝜀𝜀𝐹𝐹  
(f) Mid band recombination 
Applied field 
𝜀𝜀𝐹𝐹
0 
 
𝜀𝜀𝑜𝑜
0 𝜀𝜀𝑜𝑜0 
CONDUCTIO
  
 
VALENCE 
  
UPPER 
 
 
LOWER 
 
 
𝜀𝜀𝐶𝐶𝐵𝐵 
𝜀𝜀𝑉𝑉𝐵𝐵 𝑾𝑾 
SPREAD 
 
 
EFFECT 
 
 
∆𝑽𝑽 
(a) (b) 
𝑽𝑽𝟎𝟎 
Details of the HDIM conductivity 
mechanisms follow from descriptions 
of the spatial and energetic 
distributions of the trap density of 
state in the band gap of the HDIM.  
Theses model predict the time, T, Q, F, 
dose and dose rate dependence of 
the mechanisms and relate them to 
transition probabilities. 
 
General form of conductivity in HDIM with explicit time dependence 
SVP Charging and Discharging 
(d) (e) (g) (h) 
σ(t)=σo �1+ �σdiffusiono σo � t-1+ �σdispersiveo σo � t-(1-α)� 
𝑉𝑉(𝑡𝑡) = 𝑉𝑉𝑜𝑜  𝑒𝑒−𝑡𝑡𝑡𝑡 (t)/𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟           ≈ 𝑉𝑉𝑜𝑜  �1 − �σo 𝑡𝑡𝜖𝜖𝑜𝑜𝜖𝜖𝑟𝑟� �1+ �σdiffusiono σo � t-1+ �σdispersiveo σo � t-(1-α)�� 
•  Uses pulsed non-
penetrating electron 
beam injection with no 
bias electrode injection.  
 
•  Fits to exclude AC, 
polarization, transit and 
RIC conduction. 
Charging 
Discharge 
Instrumentation 
Discharge 
Charging 
Vs(t)= �
qe𝑛𝑛𝑡𝑡𝑚𝑚𝑏𝑏𝑒𝑒 
εoεr [1-Y(Eb)]� �𝑅𝑅(𝐸𝐸𝑏𝑏)𝐷𝐷�1 − 𝑅𝑅(𝐸𝐸𝑏𝑏)2 𝐷𝐷 �� �τQ𝑡𝑡 � �1 − e−� t𝜏𝜏𝑄𝑄��1+�t σoεoεr��1+σdiffusiono σo (t-1)+σdispersiveo σo �t-(1-α)���−1�
�1 + �t σoεoεr� ∙ �1+σdiffusiono σo (t-1)+σdispersiveo σo (t-(1-α))��  
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Constant Voltage Chamber  
configurations inject a 
continuous charge via a 
biased surface electrode 
with no electron beam 
injection 
Dark Current 
Polarization 
Diffusion 
Pre-Transit 
20 µm 20 µm 10 mm 
Electrostatic Discharge 
Chamber configurations is 
the same as the constant 
voltage conductivity 
chamber, but with high field 
effects.  It  inject a 
continuous charge via a 
biased surface electrode with 
no electron beam injection 
Electrostatic Discharge 
RIC and RIC Region 
Top view of samples on window 
Sample stack cross section 
RIC chamber uses a 
combination of charge 
injected by a biased 
surface electrode with 
simultaneous injection by 
a pulsed penetrating 
electron. 
RIC Chamber 
Electron Emission 
Electron emission uses incident 
(charged, energetic) electrons 
injected with a pulsed or 
continuous electron beam and 
measures  conducted electrons, 
emmitted electrons and stored 
charge.  
Photoyield and Cathodoluminoscence 
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Photoyield is a variant of 
electron emission with 
incident (uncharged, 
energetic) photons and 
emitted and conducted 
electrons.  
 
Cathodolumenescnce is 
a variant of electron 
emission with incident 
(charged, energetic) 
electrons, conducted 
electrons, and emitted 
photons.  
 
Conclusions 
• Satellites are not cows…Complex satellites require:  
• Complex materials configurations 
• More power 
• Smaller, more sensitive devices 
• More demanding environments 
•  But… 
• Numerous groups are acquiring materials data 
•  Basic physics (or at least semi-emperical) models allow limited  
data to be leveraged to model similar materials under extended 
conditions 
For Spacecraft Charging: 
What this Microscopic Model buys us: 
 Theoretical smorgasbord approach to a variety of test methods 
 Model ties various methods and allows cross checks of materials 
properties 
 Away to understand dependences of t, Q, F, T, dose, dose rate 
 Direct ties to density of defect state models to understand basic physics 
and relate properties to microscopic structure 
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